The 1,3-thiazolidine-4-carboxylic acid (TCA) and 2-substituted 1,3-thiazolidine-4-carboxylic acids (2S-TCAs) are used as additive prodrugs of cysteine and glutathione in agronomy and in the food and pharmaceutical industries. Using a flow system coupled to a spray dryer, here we prepared the sodium salts of these compounds in powder form. The reaction was carried out using equimolar ratios of L-cysteine, aldehyde, and sodium hydroxide in water as solvent. Formaldehyde, three aldohexoses (D-glucose, D-galactose, D-mannose), three aldopentoses (D-xylose, D-ribose, Darabinose), and mixtures of these compounds were used as the starting aldehydes. We optimized the pH, reaction temperature, and pump flow rate in order to reach conversions ranging from 55 to 100%. The parameters for spray drying were optimized to reach yields over 79%. Finally, the physical properties of the powders and the stability of these salts in water were measured and compared with those of the corresponding acids. The salts were found to be more stable than acids (13.6 to 17.7% vs. 59.8 to 92.1% to hydrolysis, respectively) after 30 days. As the reactants, the solvent, water, and the base used can be food-grade, the final product would meet the requirements for food-grade quality.
Introduction
The 1,3-thiazolidine-4-carboxylic acid (TCA) and 2-substituted 1,3-thiazolidine-4-carboxylic acids (2S-TCAs) prepared from the condensation of cysteine and aldehydes have been studied extensively.
1-4 The formation of a thiazolidine ring results from hemimercaptal formation from aldehydes on cysteine, followed by dehydration and cyclization. These compounds can be used as prodrugs of L-cysteine, which can release the sulydryl amino acid and the corresponding aldehyde compound by non-enzymatic ring-opening hydrolysis.
L-cysteine is required in the rst of the two-step biosynthesis of tripeptide glutathione (GSH), 5 which is a cellular protector. The use of monosaccharide aldoses as aldehyde donors instead of formaldehyde to obtain 2-polyhydroxyalkyl-1,3-thiazolidine-4-carboxylic acids has been proposed 2,6 because they have the advantage that they do not deliver toxic compounds when the condensation is reversed by in vivo hydrolysis. Moreover, the presence of hydroxyl groups of carbohydrate moiety increases the solubility of these 2S-TCA derivatives in water. In general, these compounds show biological properties of interest. In this regard, they exert antitumor activity, 7 show radioprotective properties, 8 prevent the formation of cataracts, 9, 10 and inhibit lipid peroxidation.
11
Furthermore, they are potential acetaminophen antidotes.
12,13
Moreover, the thiol group has the capacity to trap free radicals. 14 The anti-oxidant properties of some 2S-TCA derivatives from various aldohexose in vitro models have also been reported. 15 Strategies to prepare these compounds are based on mixing a solution of cysteine or cysteine hydrochloride and an aldopentose or aldohexose in an equal molar ratio in the presence of a base in a batch reactor. The concentration, 3, 16 excess of reactants, 4 reaction temperature, base, and solvent used will determine the efficiency of the reaction. Methanol and also water have been used as solvents. When the latter is used, the products are recovered by crystallization by adding large amounts of ethanol to the solution.
2 For the products synthesized by reuxing methanol, spontaneous precipitation occurs as the products are formed. However, recrystallization of TCAs results in a considerable loss of product. 6 The use of a base in the reaction, generally pyridine, is not necessary but does increase the yield. Other bases used in this synthesis include potassium acetate 17 and sodium bicarbonate.
2,18
In view of the economic interest of these compounds, mainly in their inclusion in agrochemicals, food, and feed additives, [19] [20] [21] here we sought to optimize the production system. In this regard, we substituted the previous reaction methods based on batch systems for a continuous-ow system (CFS). Such systems have many advantages, such as efficiency, simplicity, facile automation, reproducibility, and process reliability by an accurate control of reaction conditions.
22-25
To achieve our purposes, water and sodium hydroxide were used as the solvent and base, respectively, to obtain TCAs from formaldehyde and aldoses. Moreover, sodium hydroxide in equimolar amount with L-cysteine and aldoses was used in order to obtain the TCAs as sodium salts. The proposed process could be considered a suitable alternative to prepare pharmaceutical or food-grade products as it uses water as solvent and sodium hydroxide as base. To recover the product, instead of using large amounts of ethanol, which is expensive, we employed spray drying. Widely used for converting a broad range of solved products into powder form, this technique has many applications in the pharmaceutical, food, and agrochemical industries. [26] [27] [28] [29] Spray-dried powders are economical to produce compared to other processes such as freezedrying.
30
In summary, aim of this work was the preparation of the salts of TCA and 2S-TCAs from formaldehyde and natural aldoses (D-glucose, D-galactose, D-mannose, D-xylose, D-ribose and D-arabinose) (Fig. 1) . The syntheses were performed in a continuous-ow system reactor, and the products were then recovered by means of spray drying. The efficacy of the process was measured by the amount, stability and quality of the products recovered, on the basis of the specications most commonly used in spray-dried powders, namely moisture content, bulk density, and solubility rate. 
Experimental section

Continuous-ow system reaction
The continuous-ow system (FRX System, Syrris Ltd, Royston, UK) consisted of a 4 mL PTFE tube reactor (0.8 mm inner diameter, 8 m total length) (Fig. 2) . The tube reactor was placed on a digitally controlled RCT basic hotplate (IKA-Werke GmbH & Co., KG, Staufen, Germany) with external Pt 100 sensor for optimum control of temperature. The L-cysteine and aldose solutions were placed separately in a ratio of 1 : 1 in 1000 mL borosilicate glass bottles with a screw cap. We slowly added . A mixing-T junction before the reactor was used to combine the reagent solutions. The reagents were pumped through the tube reactor at a constant ow rate of between 0.5 and 1 mL min À1 . Reaction temperatures of 70 C or 80 C were used. The product was collected in a bottle, which in turn was connected to a spray-drying system. Conversions were quantied by the ratio of the characteristic peak areas of products and reagents from the 1 H NMR spectra, which were recorded on a VARIAN 400 NMR spectrometer. For the mixtures of aldoses, in the simulation of hydrolyzed hemicelluloses, the global conversion was measured by 1 H NMR quantication of the L-cysteine that remained unreacted. 
Spray-drying system
The resulting solution was collected in a 1 L bottle and injected into a Büchi B290 laboratory spray dryer (Flawil, Switzerland) to recover a powder. A peristaltic pump drove the solutions to the atomizer, and atomization was performed using a two-uid nozzle (diameter 0.7 mm), with a water evaporation capacity of 1 L h À1 . The following parameters were studied: feed rate; initial concentration of solid feed; ow rate of drying air (aspirator setting); and inlet air temperature. Three inlet air temperatures (T inlet ), namely 125 C, 140 C and 160 C, were tested. The ow rate of drying air (Q a ) was 31 or 35 m 3 h À1 (75 and 90% respectively of device capability). The feed rates tested were 3 mL min À1 (10%), 4.5 mL min À1 (15%) and 6 mL min À1 (20%).
The ow rate of compressed air (Q c ) was maintained at 0.54 m 3 h À1 in all experiments. Outlet air temperatures (Toutlet) were monitored continuously.
Performance of spray dryer
The powders of the products were collected mainly from cyclone. In addition, an extra powdered solid was recovered at the end of the process by gently sweeping the wall of the cylindrical part of the dryer chamber, as proposed in some spray-drying protocols. 31, 32 The dried particles were carefully recovered, weighed, and stored in a sealed glass vessel at room temperature. The yield (N p ) was calculated by the percentage of the ratio of the weight of the powder recovered in the spray dryer and the weight of dry solid reagents.
Characterization of product powders
Moisture content. The moisture content was determined by drying the powders at 70 C in a vacuum oven until constant weight (less than 0.3% variation). 33 Moisture loss was expressed in terms of percentage of wet basis (wb) (kg water/kg wet material Â 100). Measurements were performed in triplicate.
Bulk density. The bulk density was calculated by dividing the mass of 2.00 g of powder measured in a 10 mL graduated test tube by the volume occupied in the tube. 28, 34 Measurements were performed in triplicate.
Solubility rate. The speed at which the powder dissolved was determined by adding 2.00 g of the material to 50 mL of distilled water at 26 C. The mixture was placed in a 100 mL low shape glass beaker with a Heidolph magnetic stirrer (no. 50382, MR 82, Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) at 892 rpm, using a magnetic 2 mm Â 7 mm stirring bar. The time required for the material to fully dissolve was recorded. 34, 35 Measurements were performed in triplicate. Stability of the powder in water. Sodium salt solutions of TCA and 2S-TCAs in deuterium oxide (100 mM) were analyzed by 1 H NMR at room temperature every ve days over 30 days.
Hydrolysis of the compounds was estimated as the percentage of the corresponding aldehyde and L-cysteine present in the solutions. The results were compared with those obtained from the acidic form of TCA and 2S-TCAs prepared with the classical method using methanol as solvent. 2, 6 Measurements were performed in triplicate.
Results and discussion
Inuence of pH on conversion percentage
Initially, the conversion of TCAs in the continuous-ow system was evaluated using formaldehyde and D-xylose. The reactor temperature was set at 70 C, and ow rates of 0.5 mL min À1 and 1 mL min À1 ow were studied. The pH of L-cysteine solution was adjusted with 8 M NaOH solution to various values ranging from 7 to 10 (Fig. 3) . The conversion of 1,3-thiazolidin-4-carboxylic acid was completed at pH 8 to pH 10 at both ow rates. Ratner and Clarke found that formaldehyde reacts with cysteine over a wide range of pH values to form thiazolidine-4-carboxylic acid, the overall rate of formation being faster with increasing pH. 3 The formation of 2S-TCA derived from D-xylose also increased at basic pH. At pH 9, the conversion of this product reached 90%; however, a further increase in pH did not improve the yield. As several authors have reported, the presence of a base was not required for TCA formation but did increase the overall yields. This observation may be attributable to displacement of the equilibrium of the amino group of cysteine to the non-protonated form, resulting in an increase in its nucleophilicity and thus favoring thiazolidine ring formation.
1,36
Regarding the ow rates, at 70 C, the conversion was higher when the reactor worked with a low ow rate. However, very similar results were obtained with a ow rate of 1 mL min À1 , thus allowing an increase in productivity (Fig. 3) . Along these lines, we sought to optimize the other reaction conditions, namely temperature and ow rate.
Inuence of temperature and pump ow rate Two temperatures (70 C and 80 C) and two pump ow rates (0.5 mL min À1 and 1 mL min À1 ) were tested in the continuousow system for each aldehyde. The concentration of the solutions of L-cysteine, sodium hydroxide, and the corresponding aldehyde was 1.75 M. Table 1 shows the conversions achieved. The conversions, ranging from 55 to 100%, were greater when a reaction temperature of 80 C rather than 70 C was used. TCA formation from formaldehyde in a 1 : 1 molar ratio was 100% in all the conditions tested. The rapid formation of this product in batch reactors has been described to be the result of the high reactivity of formaldehyde.
3 In all cases, the reaction with aldopentoses gave greater conversions than with aldohexoses for the conditions tested. D-xylose achieved the best conversions, achieving 100% conversion at a ow rate of 0.5 mL min À1 at 80 C. D-glucose was the aldose with the lowest reactivity. In this regard, other studies also reported lower conversions when synthesising 2S-TCAs with this aldose.
17
This observation could be attributable to the fact that the conformational equilibrium of D-glucose is shied mainly towards the ring structure of hemiacetal rather than for the open free carbonyl structure. 37 However, an increase in conversion from 59 to 78% was achieved when the reactor temperature was set at 80 C. Concerning the pump ow rate, a ow of 1 mL min À1 gave similar results to those obtained with 0.5 mL min
À1
, as in the previous experiments.
Mixtures of aldoses
Mixtures containing aldohexoses and aldopentoses were prepared in various ratios at a nal concentration of 1.75 M (Table 2 ). These mixtures simulated the resulting mixtures of aldoses obtained from the hydrolysis of hemicelluloses.
38,39
Sodium hydroxyde was added to a solution of L-cysteine (1.75 M) to adjust the pH to 9.5. The reactor temperature and pump ow rate were the same as those used in the previous experiments. Table 2 shows the conversions obtained for each mixture.
Mixtures of 2S-TCAs from the corresponding mixtures of aldoses were obtained in a similar percentage of conversions as in the experiments with individual aldoses (Table 2) . Conversions varied from 75.5 to 92.5% depending on the reactor temperature and ow rate. For the four mixtures prepared, the highest conversions were achieved at 80 C with a pump ow rate of 0.5 mL min À1 . The mixtures formed by aldopentoses achieved greater conversion rates than those formed by aldohexoses or combinations of the same. The mixtures that included D-glucose registered the lowest conversions.
Spray-drying performance
The solutions of TCA and 2S-TCAs showing the best conversions in the continuous-ow system were subjected to spray drying. For each solution, three inlet temperatures (125, 140 and 160 C) and three feed ow rates (3, 4.5 and 6 mL min À1 ) were tested. These two parameters together with the ow rate of drying air (Q a ) condition the air outlet temperature. Considering all these parameters the aspiration setting was adjusted depending on the product. The spray-drying operating conditions, the percentages of product recovered, and the characteristics of the powders produced are described in ESI. † Table 3 summarizes the results using the best spray-drying operating conditions. 
Product recovery
The product recovery or yield, expressed as a percentage, is of primary interest as it reects the performance of the process. In this regard, we obtained recoveries ranging from 7.8 to 83.9%. Low values indicate that a considerable amount of solids was deposited on the walls of the drying chamber. For all the atomized powders, an increase in product recovery was achieved for experiments conducted with an inlet air temperature of 160 C and a pump ow rate of 3 mL min À1 . These parameters led to a decrease in residue accumulation on the wall of the drying chamber, thus implying an increase in product yield. According to several authors, recovery values exceeding 70% are not usual in spray-drying operations because of the difficulties in collecting small and low-weight particles. 31 In our case, the yields achieved with some aldehydes reached 83%. The sodium salt of thiazolidine-4-carboxylic acid showed the greatest recovery, ranging from 50.3 to 80.9%. This result may be due to the nature of the spray-dried material. For the remaining 2S-TCAs, the yields varied from 7.8 to 82.2%. However, we detected a difference in the yields of aldoses. In case of D-xylose, an aspiration setting of 90% did not achieve the recovery values obtained with the other aldoses. In this case, the same conditions but with an aspiration of 75% allowed an increase in yield. This observation could be associated with a decrease in the ow rate of the drying air causing an increment in product residence time in the drying chamber, thus leading to a greater degree of moisture removal. Consequently, these products have a low moisture content, and the particles do not tend to stick together and therefore do not form wall deposits. An aspiration setting of 75% was maintained for the remaining aldopentoses, namely Darabinose and D-ribose. With respect to the mixtures of aldoses, recovery values ranged from 77.4 to 81.9%. These results were obtained with an inlet temperature of 160 C and a pump ow rate of 3 mL min À1 (10% of the device capability). Fig. 4 shows the powder yield against inlet air temperature and pump ow rate for the sodium salt of TCA derived from D-glucose.
Outlet temperature
The range of outlet temperatures varied from 41 to 80 C. Table   3 shows that outlet temperatures increased as the inlet air temperatures rose and also the ow rate of drying air. This observation is consistent with the ndings of other studies, 40, 41 which reported an increase in outlet temperature in response to an increment in aspirator capacity. For the same compressed air ow rate, we found that a greater aspirator capacity increased outlet air temperature. The consequence was an enhanced yield because the powder was exposed to a high temperature for longer, thus improving drying efficacy.
Powder properties
The moisture content of the powders varied from 0.58 to 1.58%. An increase in air inlet temperature is associated with a decrease in moisture content (ESI †). For each inlet air temperature, powder moisture increased with an increase in the pump ow rate. This observation was similar for all the aldehydes. Generally, in a spray-drying system, the temperature of the exhaust air leaving the drying chamber determines the residual moisture of the powder. 42, 43 In these experiments, the values were very low and showed little variation, thus indicating complete drying.
Bulk density ranged from 0.23 to 0.35 g mL À1 . For the sodium salt of thiazolidne-4-carboxylic acid, the values varied from 0.23 to 0.31 g mL
À1
, and from 0.23 g mL À1 for the sodium salts of galacto-thiazolidine-4-carboxylic acids to 0.35 g mL
for the sodium salt of 2-D-manno and 2-D-xylo-thiazolidine-4-carboxylic acid. At a constant feed ow rate, an increment in the inlet air temperature led to a decrease in bulk density. This nding could be explained by faster evaporation rates and the products drying to a more porous structure.
44,45
Solubility rate in water ranged from 85 to 227 s. In general, powders showed higher rehydration capacity with an increase in inlet air temperature. Low moisture content appears to be associated with rapid dissolution. 34 Increasing the inlet air temperature produces an increase in particle size, thus accelerating rehydration. 44 Large particles may sink, whereas small ones are dustier and generally oat on water, thus allowing for uneven wetting and reconstitution. 46 The rehydration capacity of the sodium salt of thiazolidine-4-carboxylic acid ranged from 85 to 123 s and was higher than that of sodium salts of derivates from aldoses, which varied from 159 to 227 s.
Stability to hydrolysis in aqueous media
Ferrari et al. 47 described the great instability of the thiazolidine ring in the product derived from D-glucose, observing the presence of aldose aer 24 h at 27 C in acidic conditions. To describe and quantify the degradation of sodium salts of TCAs, freshly prepared solutions of the powders in deuterium oxide (10 mM) were analyzed by 1 H-NMR every ve days for one month at room temperature. The degradation results of the sodium salts of 2S-TCAs were compared with the corresponding ones of 2S-TCAs obtained with the classical method. Fig. 5 and 6 show the percentage of dissociation of the products of TCAs and their corresponding sodium salts. TCAs were more unstable than the corresponding sodium salts prepared by the methodology described in this study. Both thiazolidine-4-carboxylic acid and its sodium salt were remarkably stable, with no hydrolysis during the analysis. This observation is similar to that reported by Ratner and Clarke, who found that TCA was stable toward both acidic and alkaline media. However, 2S-TCAs synthesized from aldoses and the corresponding sodium salts were unstable and slowly decomposed on aging. Comparing 2S-TCAs and their corresponding sodium salts, the presence of cysteine and aldehydes was detected in the former aer 24 h, and the acids showed faster decomposition than the sodium salts. This result is in agreement with the reported ndings concerning the sodium and potassium salts of similar compounds prepared by condensation of cysteine and aliphatic aldehydes.
4,48
Moreover, Roberts described that the decomposition of TCA derived from D-ribose in aqueous solution depended on the concentration and he observed a fast initial release of L-cysteine. 49 In the present study, aer one month, the percent of dissociation of 2S-TCAs ranged from 59.8 to 92.1%, while the sodium salts varied from 13.6 to 17.7%. Fig. 5 and 6 show that TCAs derived from aldohexoses were less stable than those obtained from aldopentoses. This difference was not observed when the products were in the sodium salt form.
Conclusions
Here we prepared the sodium salts of 1,3-thiazolidine-4-carboxylic acid from formaldehyde and 2-substituted 1,3-thiazolidine-4-carboxylic acids from three aldohexoses and three aldopentose in high conversions and yields in powder form. The methodology, based on combining a continuous ow reaction and a spray-drying system, allows the accurate control of the process and facilitates scaling. This approach, combined with the use of water and sodium hydroxide as solvent and base, respectively, allows the preparation of products in compliance with food-grade quality with a low environmental impact. Moreover, the approach does not involve the use of alcohols or organic bases, thus improving production costs.
When applied to mixtures of aldoses, this process also yields satisfactory results, thus opening up the possibility to exploit the hydrolysates of hemicelluloses.
The main characteristics of the powder products were determined, nding that the sodium salts of TCAs have some advantages. Our experiments reveal that the salts are easier to recover, highly soluble in water, more stable to hydrolysis in aqueous solution than the corresponding acidic forms, and easily convertible to an acidic form, by acid addition, if required. 
